In this paper, we propose an electrically tunable mid-infrared plasmonic-phononic absorber with omnidirectional and polarization insensitive nearly perfect resonant absorption characteristics. The absorber consists of a graphene/hexagonal boron nitride (hBN)/graphene multilayer on top of a gold bottom reflector separated by a dielectric spacer. The graphene/hBN/graphene multilayer is patterned as a hole array in square lattice. We analytically and numerically prove that, due to the support of hybrid plasmon-phononpolaritons, nearly perfect multi-resonant absorption peaks with high quality factors are obtained both inside and outside of the Reststrahlen band of hBN. As a result of the hybridization of graphene plasmons with the hyperbolic phonon polaritons of hBN, the high quality resonant absorptions of the metamaterial are almost unaffected by decreasing the phenomenological electron relaxation time of graphene. Moreover, the obtained resonances can be effectively tuned in practice due to the continuity of the graphene layers in the hole array metamaterial. These features make the graphene-hBN metamaterial a skeptical design for practical purposes and mid-infrared multi-functional operations such as sensing. 
Introduction
Metamaterials, which are artificial structures with unit cells of the sub-wavelength scale, have attracted extensive research interest due to their various exotic characteristics that are unavailable in nature [1] . Nearly perfect absorption is one of the distinguished features of these structures that play a key role in many applications, such as photodetectors [2] , photovoltaics [3] , sensing [4] [5] , spectroscopy [6] , etc. In order to realize nearly perfect absorption, reflectance is suppressed by matching the effective impedance of the metamaterial to that of the incident medium [7] . Simultaneously, transmittance is eliminated by introducing another metallic plate acting as a mirror [8] . Based on this mechanism, plasmonic absorbers operating in the visible, infrared (IR) and terahertz ranges with resonators of different geometrical patterning, including e. g., disks [9] , strips [10], crosses [11] , arrows [12] , and Lshaped structures [13] , have been designed and investigated comprehensively. Moreover, by combining multiple resonators with different sizes together to form a super unit cell and using lithography free metal-insulator multilayer stacks, multi-channel [14, 15] and broadband [16] [17] [18] [19] nearly perfect absorbers have also been achieved. As a plasmonic material, graphene is also capable of supporting low-loss, highly confined and tunable (by chemical doping or electrostatic/magnetostatic gating) surface plasmon polaritons (SPPs) from terahertz (THz) to the mid-infrared (mid-IR) range [20] [21] [22] . Therefore, a great diversity of plasmonic metamaterials based on this material has also been devised for enhancing light absorption, such as graphene discs [23] , ellipses [24] , hole arrays [25, 26] , ribbons [27] [28] [29] [30] [31] , rings [32] , and graphene-based photonic crystals and hyperbolic metamaterials [33] [34] [35] . Alongside noble metals and graphene, polar dielectrics also offer an opportunity for simultaneous subdiffractional confinement through the stimulation of surface phonon polariton (SPhP) modes [36] . SPhPs originate from the interaction of optical phonons with long-wavelength incident fields, creating a surface excitation mediated by the atomic vibrations. Such SPhP modes can be stimulated between the longitudinal optical (LO) and transverse optical (TO) phonon frequencies of the polar dielectrics. This spectral range is referred to as the Reststrahlen (RS) band or polaritonic gap. Due to the support of SPhPs, polar-based metamaterials have been considered as distinguished candidates for light absorption and coherent thermal emission in the mid-and far-IR ranges [36] .
Hexagonal boron nitride (hBN) is another type of polar materials operating in the mid-IR range. As a natural hyperbolic material, the dielectric constants of hBN are the same in the basal plane ( t x y ε ε ε ≡ = ) but have opposite signs ( 0
the mid-IR region [37] [38] [39] [40] [41] [42] [43] [44] . Owing to this property, finite-thickness slabs of hBN are capable of supporting sub-diffractional volume-confined polaritons and can act as multimode waveguides for the propagation of hyperbolic phonon polariton collective modes for TM polarization [39] . Following [40, 42] , we label the graphene SPPs and hyperbolic phonon polaritons of a thin film of hBN as SP 2 and HP 2 modes, respectively. It has been recently reported that, due to the support of HP 2 modes, 1D grating of hBN is capable of supporting highly concentrated resonant absorption for TM polarization [43] . As a result of the coupling of magnetic polaritons in metal gratings with HP 2 of hBN, nearly perfect absorption for TM polarization can also be observed by an unpatterned film of hBN on top of a metallic grating [44] . Due to the support of Tamm phonons, it is also possible to obtain nearly perfect resonant absorption, for both TM and TE polarizations, using unpatterned films of hBN in onedimensional photonic crystals [45] [46] . Moreover, graphene-hBN hypercrystal is capable of mid-IR nearly perfect light absorption as well, provided that extremely large number of graphene-hBN unit cells being used [47] .
According to the above-mentioned eye-catching characteristics of graphene SPPs and the phonon polaritons of polar materials in the THz and IR regions, heterostructures combining graphene and polar dielectrics might yield unique and useful optical responses. Recent experimental and theoretical studies on graphene on SiO 2 [29, 48] and SiC [49, 50] substrates have shown that the graphene dispersion relation in the mid-IR range can be significantly modified due to the substrate phonons with extra modes arising due to plasmon-phonon coupling. This coupling has been considered as surface plasmon-phonon polaritons [51] . In [51, 52] , by fabricating patterned graphene/monolayer-hBN and graphene/triple-layer-hBN structures, it was proven that graphene plasmons can couple to optical excitations that occupy an atomically thin slice of volume near the graphene. In this case, a small modal volume of the graphene plasmons can be combined with the high oscillator strength of the hBN phonons that allows the two modes to strongly couple. Moreover, by combining graphene with hBN films (>10 nm) in multilayer structures, one can also efficiently tune the hyperbolic dispersion of hBN phonons using graphene plasmons, i.e. the appearance of hybrid plasmon-phonon polaritons (HPPs) [39] [40] [41] [42] . HPPs can be categorized to hyperbolic plasmon-phonon polaritons (HP 3 ) and surface plasmon-phonon polaritons (SP 3 ) that are supported inside and outside of the RS bands of hBN, respectively [40, 42] . However, to our knowledge, the resonant plasmonic-phononic effects in the patterned graphene-hBN metamaterials that are observed due to the support of SP 3 and HP 3 modes has not been investigated to the present. In the present paper, by taking advantage of plasmon-phonon hybridization in a graphenehBN-based metamaterial, we obtain nearly perfect multi-resonant absorptions with omnidirectional and tunable characteristics, for both polarizations in the mid-IR range. The metamaterial is composed of a 300 nm film of hBN bounded by two graphene layers on top of a 200 nm-thick film of gold, separated by a transparent dielectric layer. The multilayer graphene/hBN/graphene is considered to be patterned as a hole array in a square lattice. It is shown that due to the hybridization of graphene SP 2 s and hBN HP 2 s and thereby the appearance of SP 3 and HP 3 resonances, the metamaterial can support nearly perfect resonant absorptions both inside and outside of the RS band of hBN that makes this design beneficial for multifunctional operations. Since the anti-dot, hole array, patterning of the structure keeps the graphene layers continuous, the obtained resonances can be effectively tuned by gating. Moreover, we show that, in contrast with the graphene-based metamaterials [25, 26] , the strengths and full width at half maximum (FWHM) of the absorption peaks in the graphenehBN-based metamaterial are weakly affected by the phenomenological relaxation time of electrons in graphene. To our knowledge, this is the first demonstration of nearly perfect resonant light absorptions in graphene/hBN heterostructures, with the aforementioned skeptical features, that can be of great interest for sensing applications in the id-IR range.
Resonant absorptions in a graphene-based hole array metamaterial
In order to get more insight into the absorption mechanisms and absorption resonances of the final design, first, we would like to investigate, respectively, graphene-based and hBN-based hole array metamaterials in this section and in the next one, separately. The schematic of the graphene-based metamaterial is illustrated in panel (a) of Fig. 1 . As shown in Fig. 1(a) 
and applying the boundary conditions for TM polarization [22] , we arrive at the following dispersion relation of the SP 2 modes of the graphene/dielectric ( s ε )/graphene structure that is bounded with materials of a ε and s ε [53] [54] :
, and
can be presented as [55] ( )
, e is the electron charge, B k is the Boltzmann constant, τ is electron relation time, and  is the Plank constant over 2π . In the present paper, it is noteworthy that we take 300 , it guarantees that the bottom layer acts as a perfect mirror. Moreover, it should be noted that for all mode profiles represented in this paper the monitors are placed on top and center of the unit cell for top-and side-views, respectively. 
This is how we labeled the above-mentioned nearly perfect resonant absorption peaks as [n, m] in Fig. 1(c) 
that the magnetic field is resonantly enhanced around the interface separating the dielectric gap spacer and the bottom reflector layer, proving the lateral interaction between the adjacent graphene holes. This is the indication of supporting propagating SP 2 s by the structure. The same mechanism is observed in a metamaterial absorber composed of double layer graphene ribbons [30, 31] . It is noteworthy that for the light absorption obtained by metal/insulator/metal hole array and disc array metamaterial both localized and propagating SPPs are responsible [9] . For the propagating SPPs the magnetic field is not only confined in the gap region underneath the holes/discs, but also strongly enhanced between them. While for the localized SPPs the magnetic field is mainly concentrated within the gap between the topmost holes/dots and the gold underlay.
Resonant absorptions in a hBN-based hole array metamaterial
The next structure that we analyze in this paper is a hole array metamaterial absorber based on hBN. The schematic of this structure is shown in Fig. 2(a) . Similar to the design shown in Fig. 1(a) , the top layer (hBN film) is patterned as hole arrays in square lattice with periodicity L and is placed on top of the gold bottom layer, separated by a dielectric spacer. In order to be able to approximately label the resonances supported by the hBN-based metamaterial we need to inspect the dispersion of hyperbolic phonon polaritons, HP( )
where Γ ( ) (j a,s) Fig. 2(e j = 2,3,4 ) . Consequently, in contrast to the hBN nanoparticles where the modes are confined inside the patches [34], here the rays zigzag and experience total internal reflection inside the hole array hBN metamaterial in three aforementioned different ways. It is noteworthy that the cross-hatch patterned observed in Fig. 2(e j = 1,…,5 ) is the sign of directionality of HP 2 propagation for which the angle between the high-field crossing lines and the z axis is numerically close to In addition to the support of HP2 modes, it has been recently discovered that hBN-based metamaterials composed of rectangular components are also capable of supporting hyperbolic surface phonon polaritons (HSPs). These modes are a special type of Dyakonov surface waves [58] which emerge when the optical axis of hBN lies in the interface plane separating hBN and the isotropic medium [59] [60] [61] . In these papers it is explained that HSPs can be supported by thin hBN flakes once the structure is excited in an appropriate direction with respect to its optical axis. More specifically, in case the structure is properly excited from the edge, hyperbolic bulk phonon polaritons can spread inside the thin hBN flakes and HSPs can propagate along the edges (sidewalls) of the structure, which form a natural two-dimensional waveguide for HSPs. It is noteworthy that to understand the possibility of exciting HSPs in the structures under our consideration in this paper, we further investigated mode profiles of resonant absorptions of a hBN-based metamaterial composed of rectangular holes. We understood that by appropriately designing the system, it is possible to uncover the role of HSPs in the absorption peaks by looking at the mode profiles at the edge of the holes.
Resonant absorptions in a graphene-hBN-based hole array metamaterials
The last design we investigate is a combination of the structures shown in Figs. 1(a) and 2(a) . As represented in Fig. 3(a) , this metamaterial is composed of a patterned graphene/hBN/graphene multilayer on a gold bottom layer separated by a dielectric spacer. Similar to the previous structures, the graphene/hBN/graphene multilayer is patterned as a hole array in a square lattice with a periodicity of L. Analogous to the recent cases, here, to be able to label the resonant modes, we first examine the dispersion curves of the hybrid plasmon-phonon polaritons, HPPs. These modes are supported by the graphene/hBN/graphene waveguide that is bounded by air and the material with a dielectric constant of s ε . The dispersion relation of the HPPs can be obtained by replacing
with its older version in Eq. (6). The corresponding dispersion curves are represented in Fig.  3(b) . It is clearly observed from Fig. 3(b) that, due to the plasmon-phonon hybridization, the graphene/hBN/graphene heterostructure supports HPPs that have hyperbolic phonon polariton (HP 2 ) dispersion characteristics inside the RS-II band of hBN. These modes are thus labeled as HP 3 ones. On the other hand, the modes supported outside of the RS-II band are labeled as SP 3 modes since they mostly possess the characteristics of SP 2 surface plasmons. In other words, dispersion curves of the SP 3 and HP 3 modes in Fig. 3(b) resemble those of SP 2 s and HP 2 s in Figs. 1(b) and 2(b), respectively (this point will be more clarified by analyzing the mode profiles). The resonant absorption peaks of the graphene-hBN-based hole array metamaterial are also represented in Fig. 3(c) and labeled by combining the data of Fig. 3(b) with Eq. (4). As seen, for [2,0], [1,1], [0,2], and [0,1] modes the metamaterial acts as nearlyperfect absorber. It is noteworthy that one of the interesting outcomes of the plasmon-phonon hybridization in the graphene/hBN/graphene heterostructure is the smooth merging of the two lowest branches of the HP 2 modes in Fig. 2(b) into the HP 3 -SP 3 modes around the edge of the RS-II band at 6.2 m λ μ = in Fig. 3(b) . This merging characteristic is, in fact, due to the transition of hBN response from hyperbolic to elliptical. As illustrated in Fig. 3(c) , this merging feature leads to the appearance of two closely separated nearly perfect absorption peaks around 6.2 m λ μ = , but with different characteristics [see the mode profiles in Fig. 3 ]. Moreover, since presence of the graphene layers has a considerable impact on the coupling efficiency of the plasmonic and phononic modes, number of the resonances can be decreased to three (four) by removing the upper (downer) graphene layer. The mode profiles of the five most important resonances in Fig. 3(c) are also illustrated in Figs. 3(d j ), 3(e resonances strong enough. This is the maximum thickness that a graphene layer can well affect the response of hBN [40] . As mentioned hereinabove, the optical impedance matching plays an important role in obtaining nearly-perfect absorption [7] . To get further insight into the absorption mechanism of our structure, shown in Fig. 3(a) , we retrieve the corresponding effective optical impedance 
Here, S 11 and S 21 are scattering matrix coefficients that, respectively, correspond to the reflection and transmission of normally incident light. As expected, our calculations show that S 21 is almost zero due to the presence of the thick gold bottom layer. of the graphene-hBN-based metamaterial, respectively. It is clearly observed that for the nearly-perfect resonant absorptions, i.e. nearly-zero resonant reflections, the effective impedance of the metamaterial is close to one. This verifies that the impedancematching condition is satisfied at nearly-perfect absorption resonances. As a more visualized proof of the satisfaction of the impedance-matching condition, as a typical example, the E x profile of [1,1] mode in Fig. 3 is also provided in Fig. 4(b) . It is obvious that at 6.002 m λ μ = light penetrates inside the metamaterial without being reflected noticeably. It should be pointed out that, in practice, light usually impinges onto the structure under oblique incidences [from a practical point of view, this incident angle is usually realized within 0 to 60° in ellipsometric measurements]. Thus, the absorption of the graphene-hBNbased metamaterial as a function of the wavelength and angle of incidence is examined in Fig.  5(a) for 0<θ<60°. Based on this color map, it is observed that the resonant absorption peaks supported by the metamaterial possess omnidirectional characteristic while keeping their strength as high as the case of normal incidence up to 50°. It is noteworthy that since the decrease in the strength of the resonances is not considerable for 50°<θ<60°, we mentioned omnidirectionality as a characteristic of the structure. It should be highlighted that more investigations reveal that, due to the structural symmetry, the angular dependency of absorption for TE polarization is almost the same as the case of TM polarization. Moreover, as a complementary discussion, Figs. 5(b) and 5(c) are also provided to indicate this point that we chose L = 3R and t s = 1 μm to keep resonances both inside and outside of the RS-II region strong enough. . These quality factors are comparable to that of hBNbased structure [37, 60] and SiC nanopillars [62] , and higher than the Q Fs reported for metal (plasmonic) antennas in the mid-infrared spectral range [63] . It is noteworthy that, due to the continuity of the graphene sheets in the hole array patterning, the tuning of the design can also be more effectively realized in the experiment. These spectacular characteristics [obtained by Figs. 5(a), 5(d) and 5(e)], make the graphene-hBN-based metamaterial an outstanding candidate for practical applications.
Conclusion
In conclusion, we have proposed a multi-resonant, high-Q F , nearly perfect plasmonicphononic absorber that operates in the mid-IR range. The absorber is based on a graphene/hBN/graphene multilayer on top of a gold reflector that is separated by a dielectric spacer. The graphene/hBN/graphene is patterned as a hole array in square lattice. We have analytically investigated the dispersion curves of the guided modes supported by a graphene/hBN/graphene waveguide and numerically analyzed the absorption spectra of the metamaterial. Through those investigations, it has been found that the hybridization of graphene plasmons with hyperbolic phonons of hBN leads to strong absorption resonances that follow different mechanisms compared to the ordinary metal-based and graphene-based plasmonic absorbers. Moreover, in contrast with the graphene-based metamaterials, due to the mentioned plasmon-phonon hybridization, the high-Q F resonances are almost unaffected by the reduction of the phenomenological relaxation time of graphene that is unavoidable in practice. Furthermore, owing to the continuous patterning of the graphene layers, the hybrid resonances can also be effectively tuned by gating. These skeptical features make the proposed graphene-hBN-based metamaterial a distinguished candidate for multifunctional sensing purposes in the mid-IR range.
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